For environmentally friendly and cost-effective manufacturing of organic photovoltaic (OPV) cells, it is highly desirable to replace haloarenes with water as the active layer fabrication solvent. Replacing an organic solvent with water requires retooling the device fabrication steps. The optimization studies were conducted using poly(3-hexylthiophene) (P3HT) and [6, 6 ]-phenyl C 61 butyric acid methyl ester (PCBM) as active layer materials. These materials were dispersed in water as blend and separate nanoparticles using the miniemulsion method. Topologies of the active layers were investigated using atomic force microscopy and electron microscopy techniques. We have identified two essential steps to fabricate efficient OPVs from aqueous dispersions: (1) treatment of the hole-transport layer with UV-O 3 to make the surface hydrophilic and (2) the use of an electron-transporting buffer layer for efficient charge extraction. We have also identified relative humidity and substrate temperature as key fabrication parameters for obtaining uniform active layer films. The OPV devices were fabricated using PEDOT:PSS as the hole-transport layer and PCBM as electron-transport layer with Ca/Al as the counter electrode. Efficiencies of 2.15% with a fill factor over 66% were obtained; the efficiency and the fill-factor is the highest among all aqueous processing of P3HT:PCBM nanoparticle solar cells.
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Introduction
Active layers of organic photovoltaics (OPVs) 1 are typically fabricated using chloroarene solvents such as chlorobenzene. Large-scale fabrication 2 of OPVs using these solvents is challenging because chloroarenes have significant health and environmental hazards. The US Occupational Health and Safety Administration (OSHA) maximum allowed exposure limit for chlorobenzene is 75 ppm for an 8 h period. 3 In some EU countries, the maximum allowed exposure is 10 ppm because of possible nephrotoxicity and hepatotoxicity associated with chlorobenzene. 3, 4 Although there have been some reports on using non-halogenated solvents for OPV fabrication, [5] [6] [7] the best device performance usually requires the use of chloroarene solvents. To enable cost-effective large-scale production of efficient OPVs that meets the environmental and health safety standards, it is imperative that fabrication methods are developed using non-toxic solvents. 8 Recently, there has been a widespread interest in using aqueous dispersions of conjugated polymer nanoparticles to fabricate active layers of OPVs. [9] [10] [11] [12] [13] [14] However, low viscosity and de-wetting properties of polymer nanoparticle inks leads to non-uniform nanoparticle films, which makes device fabrication challenging. Therefore, the overall power conversion efficiency (PCE) of OPVs fabricated from aqueous dispersions has been very low. [9] [10] [11] 13, 14 Different strategies used by various groups to improve PCEs -such as
Broader context
OPV devices are lightweight, flexible, and portable, and they can be fabricated by techniques such as roll-to-roll processing over large areas at low cost. Thus, one can envision applications such as solar curtains, solar backpack chargers or solar chargers for powering personal devices. Driven by these possibilities, the past five years have witnessed an explosive growth in the area of organic photovoltaic cells. A key roadblock for large-scale manufacturing is the use of large amounts of halogenated arene solvents in the device fabrication. For cost-effective and energy-effective large-scale production of efficient OPVs that meets environmental and health safety standards, non-toxic solvents must be used for active layer fabrication. While OPVs have been fabricated from aqueous dispersions, the overall power conversion efficiency is still very low. By investigating and addressing the underlying scientific reasons for poor power conversion efficiency, we have developed protocol to fabricate reproducible and efficient OPVs.
Herein, we report a strategy to address effectively the major impediments for OPV active layer fabrication from aqueous dispersions: surface de-wetting leading to surface roughness and non-uniform films, and inefficient charge extraction. Commercially available regioregular poly(3-hexylthiophene) (P3HT, the electron donor) and [6, 6] -phenyl C 61 butyric acid methyl ester (PCBM, the electron acceptor) were used as active layer materials by an improved methodology for the fabrication of uniform and reproducible active layers from aqueous organic nanoparticle dispersions to give efficient charge extraction at the polymer/cathode interface.
Results and Discussion

Device optimization procedure: general approach
Conjugated polymer nanoparticles were synthesized using a modified mini-emulsion method. 15 Two types of nanoparticles were synthesized: blend nanoparticles containing both P3HT and PCBM in each nanoparticle, 16, 17 and separate nanoparticles each only and separately containing P3HT or PCBM. Excess surfactant from as-prepared nanoparticle dispersions was removed by centrifugal filtration (see details in experimental section). We first prepared OPV devices using the protocol reported by Dastoor and co-workers, 18 but found that the nanoparticle aqueous dispersions did not wet the PEDOT:PSS substrates, resulting in patchy films. Our highest device PCE was much lower than the PCE reported for similar devices fabricated using this protocol. Interestingly, our PCEs were comparable those reported in another paper by the same authors using a similar procedure. 13 Also, over 90% of our devices failed with no PCE. The irreproducibility of the device fabrication indicated to us that reported protocol for fabrication of devices from aqueous dispersions was ineffective in our hands. When a nanoparticle dispersion was coated onto PEDOT:PSS coated ITO substrates large aggregates of nanoparticles were observed in optical images (see in SI Fig.  S1 ) as well as atomic force microscope (AFM) images (Fig.  1a) . The presence of large aggregates (500 to 1000 nm range as shown in Fig. 1b) increases the surface r.m.s. roughness to ~70 nm. Upon deposition of the counter electrodes (Ca/Al), the devices show a large leakage current due to low shunt resistance (R sh ) which gives rise to low fill factor (FF) and open circuit voltage (V OC ). The typical R sh value measured from a device was ~294 Ω-cm 2 . We tried increased surfactant concentration to minimize aggregation, but found that excess surfactants can lead to dispersive charge transport, and did not consider it a viable solution. 19, 20 We reasoned that the large aggregates of nanoparticles and crack formation in thin films are due to de-wetting of the polymer nanoparticle dispersion, consistent with the observations of Krebs and co-workers. 9 Therefore, to increase surface wettability, we exposed the PEDOT:PSS layer to UV-O 3 for few minutes. The contact angle of a water droplet on "as prepared" (without UV-O 3 treatment) PEDOT:PSS coated substrate was estimated to be advancing angle θ A ≈ 15° and receding angle θ R ≈ 8°, whereas after UV-O 3 treatment, θ A < 2° and water droplets spread very rapidly and uniformly. No large aggregates or cracks in the film were observed in optical images for devices using the UV-O 3 treatment. AFM of the nanoparticle films surface, as shown in Fig. 1c , shows that the surface r.m.s. roughness is ~14 nm. Although the R sh of OPV devices prepared using this method increased significantly up to ~475 Ω-cm 2 after UV-O 3 treatment to the PEDOT:PSS layer, the series resistance (R s ) of these devices was still very high (on the order of 40 -50 Ω-cm 2 ).
Therefore, to increase charge extraction and reduce leakage current at the cathode/polymer interface, a thin PCBM buffer layer 21 was spin coated on top of the nanoparticle active layer.
SEM image of the PCBM buffer layer is shown in Fig. 2 .
To probe the effect of the buffer layer on the charge transport through the nanoparticle assembly, conductive AFM (cAFM) measurements were performed. The cAFM in Fig. 3a shows areas of high 'hole' transport through a blend nanoparticle film with a PCBM buffer layer on top. The corresponding height image is shown in Fig. 3b with its corresponding line profile in Fig. 3c . These data indicate that the buffer layer reduces the 'hole' current at the cathode interface (the active layer surface) and also smoothens out the active layer's surface to an r.m.s. roughness of ~10 nm. When the buffer layer is removed by dipping the sample in dichloromethane (DCM) for a few seconds, efficient 'hole' transport through the remaining bulk of the film was observed, as seen in cAFM image in Fig. 3d and corresponding height image shown in Fig. 3e . A comparison of the number of sites having particular cAFM hole transport ranges for pre-DCM wash versus post-DCM wash is shown in Fig. 3f . Nanoparticle OPVs retaining the PCBM buffer layer pre-wash showed much higher FF (up to 66%) and V OC (up to 0.51 V) compared to the device without PCBM buffer layer (FF = 45% and V OC = 0.43 V respectively). The R s was decreased to ~10 Ω-cm 2 whereas R sh was increased up to ~1.5 kΩ-cm 2 . A further improvement in the V OC was observed when nanoparticles films were washed with ethanol/water (1:1 by volume) mixture prior to deposition of the PCBM buffer layer: this removes excess surfactant from the surfaces and hence improves charge extraction.
To probe the effect of the nanoparticle assembly on the device performance, nanoparticle films were spin coated from ethanol/water mixed solvent. Significant improvement in the current density (J SC ) and PCE was observed when the polymer nanoparticles were re-suspended in 20 vol% ethanol in water before spin coating the nanoparticle dispersion. We believe the improvement in the current density is due to closer packing of the nanoparticles when spin coated from the 20 vol% ethanol solution by comparison to the packing of nanoparticles from water dispersion. The composition of the polymer ink plays a significant role to maximize nanoparticle close packing, which is driven by the interplay of interparticles forces (a) attractive hydrophobic force, mainly due to van der Waals interaction, and (b) repulsive electrostatic force due to ionic charge on the nanoparticles. 22 Nanoparticle self-assembly can be tuned by varying the film drying-time, so two other external parameters-relative humidity (RH) and substrate temperature-needed to be optimized. The film drying process should not be so slow that first-coated PEDOT:PSS substrate layer gets dissolved by water from the next-coated nanoparticle dispersions. It is therefore important either to pre-heat the substrate or to heat the substrates continuously while depositing the nanoparticle ink. We chose to heat the substrates radiatively using a commercial infrared (IR) lamp, because of its ability to heat the entire substrate more uniformly. The spin coater speed and amount of substrate pre-heating or heat treatment during spin coating then allows control of the film thickness. We found that >30% RH is necessary for uniform film formation. At low RH, films become porous and surface roughness increases. Also, at low RH (<23%) and during heating with the IR lamp, the formed film on the ITO substrate is rough and porous compared to film on the glass side, even though 40 nm of UV-O 3 treated PEDOT:PSS was present on both sides. Using an IR camera, we found that there is a difference in the absorption of the IR light between glass and ITO (see in SI Fig. S2 ). Therefore the IR lamp and relative humidity control both was necessary to derive jammed packed structure from thermodynamically and kinetically trapped assembly of nanoparticles. Devices were fabricated using these improved processing conditions, and show a significant enhancement in PCE from 0.46% to 2.15%. As seen in Fig. 4 (see also in Table 1 ), the following necessary steps improve PCE from conditions used in processes P1 to P6, as listed below. Process P1: Nanoparticle active layer was spin coated onto "as prepared" PEDOT:PSS layer. Ca/Al electrode was thermally deposited on top. Process P2: Active layer was spin coated on UV-O 3 treated PEDOT:PSS layer. Ca/Al electrode was thermally deposited on top. Process P3: Active layer was spin coated onto "as prepared" PEDOT:PSS layer. A thin PCBM buffer layer was spin coated on top from a 15 mg/mL concentration in dichloromethane solution at 1000 rpm speed for 40 seconds, followed by Ca/Al electrode deposition. Process P4: Active layer was spin coated onto UV-O 3 treated PEDOT:PSS substrate. A thin PCBM buffer layer was spin coated on top from a 15 mg/mL in dichloromethane concentration solution, followed by Ca/Al electrode deposition. Process P5: Active layer was spin coated onto UV-O 3 treated Except for the electrode evaporation step, the devices were fabricated in ambient atmosphere. We have also fabricated devices from separate P3HT and PCBM nanoparticles to prove the generality and reproducibility of the method with success rate over 80%.
Impact of post-heat treatment on device performance
Unlike in conventional solution film coating fabrication, in nanoparticle film coatings P3HT is in a semicrystalline aggregated structure prior to thin film formation. Therefore, one expects that thermal annealing should have minimal impact on the polymer crystallinity and hence the device PCE. In fact, in one literature example thermal annealing gave PCE decreases for P3HT:PCBM blend nanoparticle solar cells. 23 But, our results indicate that controlled heat treatment (post-heating) is required for optimum device performance using our fabrication protocol. Fig. 5a through 5d show device performances as a function of post fabrication heating temperature (see also in SI Fig. S3 ). In all the measurements, substrates were slowly heated from 30°C to the final temperature with a heating rate of 5 -10°C/min. Significant improvement in the V OC as well as the FF was observed when the devices were heated up to 80°C, which was well below the crystal re-orientation temperature (T m ~ 195 °C) for P3HT reported in the literature. 24 We surmise that the slow heating of the substrate improves the interfacial interactions between polymer nanoparticles and the interlayer interactions between nanoparticles and electrodes. 25 The J SC was increased only when devices were heated above 110°C. This could be due to PCBM cold crystallization which occurs in the temperature rage of 103 -119°C for P3HT:PCBM blends of 1:1 by weight ratio. 24 P3HT crystallinity does not change upon heating to 150°C in x-ray diffraction measurements (see in SI  Fig. S4 ), although a strong crystalline peak from PCBM grows after heating at 150°C. P3HT and PCBM are miscible and only one glass transition temperature (T g ) is observed at any binary composition between these; thus, any structural changes presumably happen during nanoparticle synthesis at a temperature 70°C, since T g for the 1:1 P3HT:PCBM blend is less than 40°C. 26, 27 However it should be noted that prolonged heating of these devices after fabrication results in a decrease of the efficiency.
Light intensity dependent study, structure-properties correlation
To understand further the obtained device performance parameters, we carried out incident light intensity dependence measurements of I-V performance on a blend nanoparticle device with PCE ~2.0%. These are shown in Fig. 6a . The observed high FF over 67% even at 100 mW/cm 2 light intensity indicates a balanced transport of electron and holes to their respective electrodes and limited bimolecular recombination losses. A linear increase in J SC with increasing light intensity was observed, as shown in the Fig. 6b . However, a slight drop in efficiency occurred as light intensity was decreased, mainly due to a drop in V OC . The cAFM measurements are a useful tool to probe the active layer morphology and how it is related to charge transport through the device active layer. As discussed above, the cAFM image in Figure 3a indicates that the PCBM buffer layer not only reduces the surface roughness (~10 nm), but also prevents leakage current by preventing undesired leakage hole transport to the top (cathode) electrode (Fig. 3c) . Hence a significant improvement in FF and V OC is observed in devices using this buffer, blocking layer. Upon washing devices with dichloromethane (DCM), this PCBM buffer layer was removed and the cAFM indicates that uniform conduction pathways remain for holes (Fig. 3d) , which is in good agreement with the high J SC observed in these devices. A quantitative analysis of conduction pathways with (Fig. 3a) and without (Fig. 3d ) the PCBM buffer layer as shown in Fig. 3f is in good agreement with low leakage current and high FF observed in devices with a PCBM buffer layer. There is still some scope for improvements if we can reduce the non-uniformity in the PCBM buffer layer thickness as seen in Fig. 3b & 3c. 
Conclusions
We have successfully fabricated efficient solar cells having up to 2.15% power conversion efficiencies using aqueous polymer nanoparticle dispersions by an environmentally low-impact procedure. One major challenge of reproducibly preparing uniform films from aqueous dispersions of nanoparticles was resolved by treatment of a PEDOT:PSS surface layer with UV-O 3 to increase surface wettability, and also by optimizing the nanoparticle ink formulation. We have also introduced use of a PCBM buffer layer between the nanoparticle active layer and the cathode electrode, which not only reduces the surface roughness, but also improves charge extraction at the cathode interface. Our future work will focus on processing electron transporting buffer layers from environmentally friendly solvents such as water or alcohols. Conducting AFM studies indicate there is a uniform distribution of conduction pathways throughout the nanoparticle active layer, consistent with the high current density observed in these devices. An observed FF > 66% was achieved, which is so far the highest reported for organic nanoparticle based OPV devices processed from aqueous dispersions. The morphology of the active layer, which is controlled by the hierarchical assembly of nano to mesoscale structures within and between the nanoparticles, presumably promotes the high FF in these devices. This constitutes a platform methodology for device fabrication, which could be easily applied to other active layer materials such as high performing low band-gap polymers or molecules to develop next generation devices with hierarchically controlled morphology. This methodology is also transferable to roll-toroll processing, which would be very attractive for industrial processing of electronic devices.
Experimental
Materials and synthesis
Commercially available P3HT from Rieke Specialty Polymers with molecular weight 36 kDa, 96% regioregularity, and Ð = 2.3 was used without further purification. PCBM from NanoC was used as received. Dodecylsulfate sodium salt was used at 98% purity from Sigma Aldrich. Vivaspin 6 centrifugal filter tubes 10kDa MWCO PES membrane was obtained from Vivaproducts. A Misonix Sonicator 3000 ultrasonicator with a 1/8" probe tip from Qsonica was used to prepare the miniemulsions. A VWR Scientific Products Model 50T
Aquasonic bath sonicator was used for initial solution preparation. The nanoparticle dispersions were prepared using a modified miniemulsion method. The miniemulsion method requires the preparation of two solutions: a polymer in oil (chloroform) solution, and an aqueous surfactant solution. For blend nanoparticles both P3HT and PCBM were dissolved in chloroform, and for the separate nanoparticles either P3HT or PCBM was dissolved in chloroform. For blend nanoparticles, typically a 30 mg/mL (total) of P3HT and PCBM solution in chloroform and heated at 35˚C for at least 30 min with continuous stirring to ensure dissolution. A 10 mM SDS solution was prepared with nanopure water. To ensure dissolution of SDS, the solution was heated gently and sonicated. 3.0 mL of the 10 mM SDS solution was added to a 15 mL centrifuge tube. 0.3 mL of the 30 mg/mL blend chloroform solution was added to the surfactant solution. The outside of the centrifuge tube was immediately lowered into an ice bath and a 1/8" sonicator probe tip was lowered approximately half way into the solution and ultrasonicated at 20% max amplitude for 2 min. Immediately after sonicating, the emulsion solution was added to a glass vial and heated at 70˚C for 40 min with continuous stirring. The nanoparticle dispersion was then allowed to cool to room temperature. This solution was then repeated. Then both nanoparticle dispersions were added to a vivaspin 6 centrifugal filter tube. This centrifuge tube was centrifuged at 4180 relative centrifugal force (rcf) for 25 min. The filtrate was removed and the retentate was diluted to 5 mL with nanopure water. This process was repeated 3 more times. For the final (5   th   ) centrifugal filtration cycle, the retentate was diluted with 20 vol% ethanol in water and then centrifuged at 4180 rcf for 45 min. The retentate was then diluted to 0.5 mL with 20 vol% ethanol in water. This solution was then directly spin-coated onto the device substrates.
Device fabrication and characterization
Commercially available ITO substrates (TFD Inc, ~20 Ω/☐) were cleaned by ultra-sonication in soap solution and distilled water, then by acetone, and by isopropyl alcohol. They were then kept in hot air oven at 140°C for 2 h. The substrates were then treated with UV-O 3 for 15 min (UVO cleaner, Jelight Company, Inc). Poly(3,4-ethylenedioxythiophene): Polystyrene sulfonate (PEDOT:PSS) (Clevios P VP AI 4083) was used as received and spin coated at 2500 rpm for 30 sec after filtering through 0.45 micron PVDF filter (Wilkem Scientific). PEDOT:PSS coated substrates were then annealed at 150°C for 20 minute in air, and allowed to cool to room temperature before again exposing to UV-O 3 for 3 min. Polymer nanoparticles of P3HT and PCBM were synthesized as described above and these solutions then used to spin coat active layers at 1000 r.p.m. for 60 seconds onto PEDOT:PSScoated ITO substrates (either with or without UV-O 3 treatment of PEDOT:PSS layer, depending on the experimental). PEDOT:PSS layer without any UV-O 3 treatment may referre as "as prepared" PEDOT:PSS. A small humidifier was used to
